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Background. Human leucocyte antigens (HLAs) modulate immunity to polyomavirus BK (BKV). Identification of HLAs that alter the course of infection will facilitate risk stratification, and customization of pre-emptive intervention strategies. Methods. We performed a retrospective cohort study with 998 kidney transplant patients with BKV infection status confirmed by polymerase chain reaction (PCR). Clinical parameters and donor-recipient matching for specific HLAs were examined in relation to occurrence of viremia. An emphasis was placed on donor-recipient matching rather than the actual frequency of specific HLA-alleles, since a successful immune response requires sharing of HLAs between a virusinfected target cell and the anti-viral effector cell. Results. Using multivariate statistics, low risk of BK viremia was associated with matching of HLA-A2 [hazard ratio (HR) 0.51, 95% confidence interval (CI) 0.28-0.85], HLA-B44 (HR 0.31, 95% CI 0.076-0.85) and HLA-DR15 (HR 0.35, 95% CI 0.084-0.93) (P < 0.05), whereas high risk of viremia was associated with male gender (HR 2.38, 95% CI 1.46-4.09, P < 0.001). Conclusions. HLAs that associated with a lower predisposition to the development of BK viremia have been identified. Evaluation of donor-recipient mismatching for these HLAs could potentially be used to (i) fine tune virus screening strategies for BKV in individual patients and (ii) facilitate discovery of major histocompatibility complex (MHC) class I and II binding peptides that can elicit clinically meaningful BKVspecific immunity.
I N T R O D U C T I O N
Polyomavirus BK (BKV) commonly infects human populations in early childhood, and 50-90% of adults are seropositive [1] [2] [3] [4] . Primary infection is usually asymptomatic, following which the virus establishes latent infection in the genitourinary tract. Reactivation may occur under conditions associated with impaired immunity and is seen in 10-70% of kidney transplant recipients. Infection commences as viruria, which progresses to viremia and histologic nephropathy. In the late 90s, graft loss due to BKV nephropathy ranged from 50 to >80% of cases [5, 6] . More recently, widespread screening using urine cytology or polymerase chain reaction (PCR) has permitted early diagnosis at the stage of viruria or viremia, and current graft loss rates have fallen to 20% [7] .
The major histocompatibility complex (MHC) is intimately involved in the generation of an immune response to viral infection. Viral peptides presented by MHC class I molecules interact with CD8-positive T-cells to generate virus-specific memory T-cells. In contrast, MHC class II molecules interact with CD4-positive T-cells to generate effector T-cells that may provide help to (i) CD8-positive T-cells for generation of more efficient cell-mediated immunity and (ii) B-cells for production of virus-specific antibodies. While CD8-positive T-cells dominate the immune response to some viral infections, CD4-positive T-cells are well documented in human BKV infection [8] [9] [10] . For this reason, it was considered important to evaluate both class I and class II antigens.
From a clinical perspective, identification of MHC-encoded human leukocyte antigens (HLAs) that influence the course of BKV infection will permit risk stratification in individual patients. Thus, it may allow for a prediction of the likelihood of spontaneous resolution of viruria or of progression to viremia and nephropathy. In turn, this will facilitate customization of BKV screening and pre-emptive intervention strategies, with more frequent virus testing being performed in patients at most risk of developing disease. Existing studies on the role of HLAs in BKV biology have largely focused on enumerating global mismatches among major classes of HLA molecules, particularly, HLA-A, B and DR. The number of patients studied is limited, different phases of infection have not been examined, and analyses at the level of individuals or antigenic epitopes have not been performed. The current study examined 998 kidney transplant patients with a post-transplant follow-up period of 1449 ± 652 days to identify HLAs associated with decreased or increased susceptibility to BK viremia.
S U B J E C T S A N D M E T H O D S

Study population
The Thomas E. Starzl Transplant Institute performed 1708 kidney transplants in the period January 2002 to April 2010. From this population, we were able to identify 998 patients who had both urine and plasma polymerase chain reaction (PCR) for BKV DNA performed on at least four occasions. PCR testing policy was not uniform during this time: initially only patients with graft dysfunction were tested for BKV infection, but in 2006 a deliberate screening policy was implemented. Data collected retrospectively for this study indicated that samples obtained every 1-3 months for 1-year were available for analysis in 709 of 998 patients. Beyond the 1 year time point, most samples were collected from those subjects who had either earlier positive samples or had developed late graft dysfunction. Data from these 998 patients were analyzed for the purpose of this study. All study-related activities were performed according to a protocol approved by the University of Pittsburgh Institutional Review Board (Institutional Review Board protocol # 0602155).
Categorization of viral status
In 515 of 998 patients (51.6%), urine BKV DNA was below the detection threshold of <200 copies/mL established in our Molecular Diagnostic Laboratory. These subjects also tested negative for BKV in plasma. Viruria not complicated by viremia during the follow-up period was seen in 381 of 998 (38.2%) patients. We designated both the aforementioned subgroups of patients in the 'non-viremia' category. BK viremia was defined as detection of >1000 copies/mL in plasma on at least one occasion: this was observed in 102 of 998 (10.2%) patients. The first detection of viremia by PCR was observed at a median of 97 days (interquartile range: 37-216 days) post-transplantation. The viremia group includes patients with biopsy-proven BK virus nephropathy in 20 patients (20 of 998, 2.0%).
HLA matching procedures HLA antigens in kidney transplant recipients and donors were typed using standard serological methods. Among all donors and recipients, the complete information of HLA-A, B and DR is available, whereas the data for HLA-C and HLA-DQ are missing in 7 and 1 cases in donors and 91 and 24 cases in recipients. For each donor-recipient combination, the degree of histocompatibility was determined by counting the number of HLA-A, HLA-B and HLA-DR antigens. We also investigated frequencies and genotype frequencies in each HLA serotype. HLA serotypes having >10% of allele frequency were used for further analysis.
Allograft pathology
Allograft biopsies were performed when patients showed an unexplained rise in serum creatinine. The diagnosis of T-cellmediated acute rejection was based on Banff '97 criteria of renal allograft pathology [11] . In this study, acute rejection episodes were determined as an increase in serum creatinine of at least 15% above the baseline level with biopsy confirmation (Banff grade IA or higher). BKV nephropathy was defined as the presence of intratubular viral inclusions and demonstration of viral DNA within biopsy tissue. In situ hybridization for BKV DNA was performed on all biopsies taken concurrently with BK viruria. We investigated all biopsyproven acute rejection for histopathologic type and temporal relationship with onset of viremia. In our analysis of rejection as a risk factor of viremia, rejection episodes that occurred after the viral clearance were excluded from consideration.
Statistical analysis JMP version 8 (SAS Institute, Cary, NC) was used for all statistical analyses. Results were presented as mean ± SD. Student's t-test was used to compare the variables between groups. Fisher's exact probability test was used for categorical data when appropriate. Kaplan-Meier estimates and log-rank tests were used to evaluate the incidence of viremia. The frequency of matching of individual HLAs in patients with and without viremia was evaluated by a 2 × 2 chi-square test. The mean tacrolimus trough level was obtained 1, 3, 6, 9, 12, 18 
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H L A s a n d p o l y o m a v i r u s B K v i r e m i a and 24 months after transplantation, and the levels in two studied groups were compared with repeated measure analysis of variance (ANOVA). A univariate and multivariate Cox's proportional hazard model was used to determine which factors independently affected the development of viremia. The multivariate model included only those parameters that were associated with P < 0.1 in univariate analyses [12] in addition to recipient age, recipient gender and acute rejection episode, which have been previously reported to be associated with increased risk of progressive disease. Results were expressed as hazard ratio (HR) with respective 95% confidence intervals (CIs). P-values <0.05 were considered statistically significant in all analyses.
R E S U LT S
Demographic data Demographic and clinical findings of the patients studied are summarized in Table 1 . The percentage of male gender, HLA-B or HLA (A + B + DR) mismatched patients and the prevalence of acute rejection were significantly higher in viremic patients. The majority of patients (94%) in both groups received preconditioning with alemtuzumab (Campath 1H, humanized CD52 monoclonal antibody). For maintenance immunosuppression, tacrolimus monotherapy was less common in patients with viremia, and more patients in this group received adjuvant therapy with mycophenolate mofetil (MMF) or prednisolone (PSL). There was no significant difference in patient age, etiology of end-stage renal diseases (ESRDs), proportion of first grafts, type of donor, donor age, cold ischemia time or % panel-reactive antibodies (PRAs) between the study groups. The mean follow-up periods in non-viremia and viremia groups were 1456 and 1385 days, respectively. Twenty (20) patients with viremia developed nephropathy during the study period. Table 2 shows HLA matching between donors and recipients for individual HLAs. The frequencies of HLA-A2, B44, C6, DR7, DR15 and DR51 matched transplants were significantly lower in viremic compared with viremia-free patients, while DQ7 matching was more common. Since HLA-DR7 and -DR15 show strong linkages with HLA-DR53 and -DR51, we used HLA-DR7 and DR15 for multivariate analyses. HLA-A2-, B44-, DR7-or DR15-matched patients showed a lower cumulative incidence of viremia in Kaplan-Meier plots (Figure 1 ). This effect was not seen in HLA-C6-and DQ7-matched patients.
HLA matching in viremic and non-viremic groups
Acute rejection episodes in viremic and non-viremic groups Among 102 viremic patients, 44 patients (43.1%) developed 99 episodes of acute rejection (0.97 episode per patient), whereas 236 out of 896 (26.3%) non-viremic patients developed 373 episodes (0.42 per patient). Thus, the overall incidence of rejection as well as the number of rejection episodes per patient was higher in viremic patients (P < 0.001 for patients where the plasma level load exceeded 10 000 copies/ mL, since some studies regard this viral load as a surrogate marker of BKV nephropathy. The frequency of B44 match in patients with viremia <10 000 versus >10 000 was 3.7 and 0.0%, respectively (P = 0.036). Thus, an association between B44 and lower risk of viremia remained statistically significant. Associations of HLA-DR7 and HLA-DQ7 with, respectively, lower and higher incidence of viremia became marginally significant (P = 0.064 and 0.058, respectively). Observed associations with other HLAs were lost, presumable because of the marked reduction in the number of observations available for analysis.
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incidence determined by Kaplan-Meier estimate, and P < 0.001 for the number of episodes). The high rejection rate does not reflect the overall incidence in our transplant program. Instead, it reflects the fact that patients with graft dysfunction had a greater chance of inclusion in the study. With respect to the timing of rejection in viremic patients, 23 of 99 episodes (23.2%) developed before the first positive plasma BKV PCR test, 12 episodes (12.1%) developed during viremia and 64 episodes (64.6%) after clearance of viremia. Thus, viremia could not be construed as the aftermath of acute rejection in most cases. With regard to the severity of rejection in viremic patents, we documented Banff grade IA rejection in 50 biopsies (50.5%), grade IB in 44 biopsies (44.4%), grade IIA in 2 biopsies (2.0%) and antibody-mediated rejection in 3 biopsies (4.3%). In patients without viremia, the corresponding counts were 213 (57.3%) biopsies with grade IA, 123 with IB (33.1%), 23 with IIA (6.2%), 9 with grade IIB (2.4%), 4 with grade III (1.1%) and 1 with antibody-mediated rejection (0.3%).
Multivariate analysis for the factors associated with BK viremia Recipient age, gender and clinical parameters associated with the development of viremia on univariate analyses, including maintenance immunosuppression (tacrolimus monotherapy), acute rejection episodes prior to viremia, HLA mismatch count (four to six mismatches) and donor-recipient matchings of HLA-A2, B44, C6, DQ7, DR7 and DR15 were further evaluated using multivariate Cox regression analysis (Table 3 ). DR51 and DR53 were not considered as these show a strong linkage with DR7 and DR51, respectively, and multicolinearity could be expected to confound the independent effects of the latter antigens. The adverse effect of recipient male gender remained statistically significant on multivariate analysis (HR 2.47, P < 0.001). In contrast, HLA-A2, B44 and DR7 matching conferred a low incidence of viremia (HR 0.51, P = 0.011, HR 0.31, P = 0.019 and HR 0.35, P = 0.034, respectively). Recipient age, maintenance immunosuppression, acute rejection and matching of HLA-DR7 were not associated with the development of viremia. Matchings of HLA-C6 and HLA-DQ7 showed a trend toward decreasing and increasing risk of viremia, respectively. Since excessive immunosuppression is another important risk factor of BK viral reactivation, we also investigated the mean tacrolimus trough levels in patients with and without viremia. The trough levels were comparable during the first 3-months post-transplant. However, subsequent levels were significantly lower in the viremia group, consistent with therapeutic reduction of tacrolimus dose (Supplementary data, Figure S1 ).
D I S C U S S I O N
Initial studies seeking to understand the role of HLAs in the pathogenesis of BKV-associated diseases evaluated the total number of matches or mismatches between donor and recipient antigens. In one study of 40 patients with BKV nephropathy, mismatch for DR showed that the presence of DR antigens was a risk factor for disease. It was argued that HLA mismatch may thwart the development of effective HLA restricted anti-viral immunity. Additionally, one would expect that antigen mismatching would lead to more episodes of acute rejection and tissue injury followed by cellular F I G U R E 1 : Cumlative incidence of BK viremia in donor and recipient combinations with matching for the specified HLA. The P-values as indicated have been calculated by the log-rank test.
regeneration created a milieu favorable for BKV replication [12] . Consistent with this notion, HLA mismatch was found to be a risk factor for BK viremia [13] . In our current analysis, HLA-B and HLA-DR mismatch correlated with the presence of viremia. In contrast, a number of studies have not confirmed any association between overall HLA mismatch and the occurrence of viremia [14] or BKV nephropathy [7, 15, 16] . Indeed, in one study, HLA mismatching was associated with lower incidence of graft loss in patients with BKVN [17] . These conflicting reports indicate that the effects of HLA on the evolution of BKV infection are bidirectional, and subject to over-riding factors such as the degree of immunosuppression, incidence of rejection, non-HLA-restricted immunopathology, cytokine gene polymorphisms and other elements of innate immunity [18] .
Limited data are available on the role played by individual HLAs in modulating the course of BKV infection. One group of investigators noted that HLA A30 and DRw6 were associated with a high antibody titer to viral large T antigen, while lower titers were found in subjects who typed as HLA A1 and DR3 [19] . More recently, it was noted that 10 of 11patients with sustained viremia had an absence of HLA-C7 in the transplant recipients. Additionally, this antigen was absent in all 11 organ donors corresponding to these recipients [14] . However, a second study, which analyzed patients with biopsy-proven BKV nephropathy, could not confirm this [20] . Since a successful immune response against viral infection is characterized by MHC restriction, it could be argued that the frequency of particular antigens may not be as relevant as the frequency with which both the donor and recipient are matched for that antigen. This has been confirmed for several antigens as noted in Table 2 . A lower incidence of viremia in donors and recipients matched for these HLA types suggests that these are protective antigens, but definitive proof would require prospective studies.
The mechanism of protection likely involves the presentation of BKV-derived peptides by donor or recipient antigenpresenting cells (APCs) to HLA-matched recipient effector T-cells. Direct antigen presentation by donor APCs may be operative in the early post-transplant period, whereas the indirect antigen presentation by recipient APCs may be more important at later time points. In prior work on the cellmediated immune response to BKV, several large T-antigenderived peptides were shown to bind or recognize HLA-A01, HLA-A03, HLA-A24, HLA-B07, HLA-B08, HLA-DRB1-01, HLA-DRB1-03 [21] , HLA-DR01, HLA-DR07, HLA-DR-10 or HLA-DR15 [22, 23] . It is notable that from this list, only HLA-DR15 was identified as protective in our analysis. Thus, peptide binding with the corresponding HLA does not necessarily generate an effective immune response. The role of HLA-A2 matching (Table 2) is supported by clinical observations in patients with BKV nephropathy [24] .
The HLA associations suggested by this work have potential clinical ramifications in two areas. First, the question may be raised whether patients carrying HLAs associated with lower risk of viremia need less intensive screening for BKV infection after transplantation. Reduction in HRs mentioned in Table 3 are all relatively modest, and it would be necessary to identify patients with a much lower risk of viral reactivation to relax current recommendations for viral screening. This could conceivably be achieved by developing multiscale predictive models, in which the effect of HLA matching is linked to other determinants of outcome such as sex, history of diabetes mellitus, use of ureteric stents, number of rejection episodes, intensity of immunosuppression, titers of anti-viral antibodies and frequency of BKV-sensitized T-cells in the circulation. Second, the observations made in this study could aid in the development of T-cell-based vaccines against BKV using bioinformatics approaches. For example, 9-mer peptides derived from amino acid sequences of BKV proteins could be evaluated in- (Tables 1 and 2) were entered in this multivariate analysis. One hundred and five patients were excluded from this analysis because of the missing data in HLA-C and/or HLA-DQ. c In our analysis of rejection as a risk factor of viremia, rejection episodes that occurred after the viral clearance were excluded from consideration, however, the effect of male gender (HR 2.35, P < 0.001), HLA-A2 match (HR 0.51, P = 0.010), HLA-B44 match (HR 0.31, P = 0.019) and HLA-DE15 match (HR 0.35, P = 0.034) remained statistically significant even if this exclusion was not performed.
silico for potential high-binding affinity to HLA A2, B44 and C6 antigens, all of which were associated with reduced risk of viremia. Peptides with confirmed high-binding affinity in biochemical assays could then be evaluated in vitro and in vivo for their ability to induce activation and differentiation of CD8-positive T-cytotoxic cells with activity against BKV-infected cells. Likewise 15-mer viral peptides binding to HLA-DR15 could be used as the starting point for discovery of MHC class II restricted epitope recognized by CD4-positive T-cells. This study is limited by its retrospective nature. All patients are from a medical center that predominantly transplants Caucasian subjects. Molecular HLA typing was not available. Although discrepancies between serologic and molecular typing have been described for several HLA-A and HLA-B alleles, those identified as statistically significant in this study (A2, A3, B44) are not considered to be problematic in this regard [25, 26] . Similarly, the most common problem in HLACw typing is believed to be false-negative results with relatively uncommon alleles for which no reliable serologic reagents are available [27] . A uniform protocol for BKV screening was not applied to all patients, although this should not invalidate the statistical associations that have emerged. Notwithstanding these limitations, evidence is provided that matching for several HLAs seems to affect the predisposition to develop BK viremia. These findings need to be confirmed by a prospective study in other medical centers.
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